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Centromere Silencing and Function in Fission Yeast
Is Governed by the Amino Terminus of Histone H3
contrast, mutation of two conserved lysines within the
histone H4 tail has no impact on the integrity of centro-
meric heterochromatin. Our data highlight the striking
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Summary ifiers that influence chromatin structure: suppressors
and enhancers of variegation have been identified, some
Background: Centromeric domains often consist of re- of which are integral components of heterochromatin,
petitive elements that are assembled in specialized e.g., Suvar2-5 (HP1) and Suvar3-9 (a histone H3 lysine
chromatin, characterized by hypoacetylation of histones 9 methyltransferase) [2, 3]. In addition, in Drosophila,
H3 and H4 and methylation of lysine 9 of histone H3 halving the number of histone genes also alleviates si-
(K9-MeH3). Perturbation of this underacetylated state by lencing [4].
transient treatment with histone deacetylase inhibitors Fission yeast centromeres are also heterochromatic
leads to defective centromere function, correlating with and can exert transcriptional silencing on inserted
delocalization of the heterochromatin protein Swi6/HP1. marker genes; this silent state is thought to reflect the
Likewise, deletion of the K9-MeH3 methyltransferase association of a complex of proteins involved in proper
Clr4/Suvar39 causes defective chromosome segrega- centromere function (reviewed by Allshire [5]). Fission
tion. Here, we create fission yeast strains retaining one yeast centromeres contain a central domain, associated
histone H3 and H4 gene; the creation of these strains with the Cnp1/CENP-A and Mis6 proteins [6–8], flanked
allows mutation of specific N-terminal tail residues and by heterochromatic outer repeats. In an initial study, the
their role in centromeric silencing and chromosome sta- amino termini of histones H3 and H4 were found to be
bility to be investigated. underacetylated at all lysines tested, apart from histone
Results: Reduction of H3/H4 gene dosage to one-third H4 K12, in chromatin coating the outer repeats of the
does not affect cell viability or heterochromatin forma- centromere [9]. Altering the underacetylated state of
tion. Mutation of lysines 9 or 14 or serine 10 within
histones by transient treatment with Trichostatin A (a
the amino terminus of histone H3 impairs centromere
histone deacetylase inhibitor) caused heritable defects
function, leading to defective chromosome segregation
in centromere function and delocalization of Swi6/HP1and Swi6 delocalization. Surprisingly, silent centromeric
in fission yeast [9]. Similar effects have since been re-chromatin does not require the conserved lysine 8 and
ported in mammalian cells [10]. Methylation of histone16 residues of histone H4.
H3 K9 by Clr4/Suvar39 [11, 12] creates a binding siteConclusions: To date, mutation of conserved N-ter-
for the chromodomain of Swi6/HP1 [13–15] and Chp1minal residues in endogenous histone genes has only
[16]. Cells lacking Swi6 fail to recruit the cohesin com-been performed in budding yeast, which lacks the Clr4/
plex to sister centromeres, and this lack of recruitmentSuvar39 histone methyltransferase and Swi6/HP1. We
leads to chromosome segregation defects during mito-demonstrate the importance of conserved residues
sis [17, 18]. Recently, an RNA component has beenwithin the histone H3 N terminus for the maintenance
implicated in heterochromatin formation in mammalianof centromeric heterochromatin in fission yeast. In sharp
cells [19], and the RNA interference machinery has been
shown to be required to mediate histone H3 K9 methyla-
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tion at natural and synthetic sites of heterochromatin in4 Present address: Department of Biochemistry, St. Jude Children’s
fission yeast [20–23].Research Hospital, 332 North Lauderdale, Memphis, Tennessee
38105. The budding yeast, Saccharomyces cerevisiae, lacks
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centromeric heterochromatin, but the well-character- AcK23, and AcK27 antisera along with the ura4-D/SE
minigene. In contrast, very little ura4 was detected inized silent chromatin at the HML and HMR mating type
loci and adjacent to telomeres is packaged in histones chromatin immunoprecipitated with antiacetylated his-
tone H4 sera when ura4 was inserted either within theH3 and H4, which are largely underacetylated at their N
termini [24, 25]. However, this silent chromatin in S. central core or within the outer repeats of the centromere
(Figure 1A). Similarly, little acetylated histone H3 wascerevisiae is composed of distinct chromatin-associ-
ated proteins. The underacetylated histone H4 N termi- detected in silent chromatin formed over ura4 within
the outer repeats (Figure 1B). Central core (cnt1:ura4)nus has been shown to be required for the recruitment
of the Sir3 complex (reviewed in [26]). Altering histone chromatin also showed a lack of acetylated histone H3;
however, this reflects the replacement of histone H3H4 K16 to a noncharged residue, mimicking the charge
change upon acetylation, leads to loss of Sir3 binding with the kinetochore-specific histone H3-like protein,
Cnp1CENP-A, in central core nucleosomes (data not shown)and loss of both the mating type locus and telomeric
silencing [27–30]. In contrast, mutation or removal of [7]. Thus, these ChIP analyses confirm and extend the
previous analysis of the acetylation state of histone H3the amino terminus of the budding yeast histone H3 has
milder effects on both telomeric and HML/R silencing and H4 tails within silent chromatin at fission yeast cen1.
Since all nine N-terminal histone H3 and H4 lysines were[31, 32].
Since fission yeast shares a complex centromere or- consistently underacetylated, it appears that hypoacet-
ylation is a general characteristic of silent centromericganization with metazoans, it provides an excellent model
system in which to dissect the effects of mutating his- chromatin.
tone H3 and H4 N termini in the context of heterochroma-
tin. Fission yeast contain three divergently transcribed
Fission Yeast Retaining a Single Histone H3/H4copies of histone H3 and H4 genes at distinct chromo-
Gene Pair Are Viablesomal loci [33]; consequently, no genetic dissection of
Fission yeast, like many other eukaryotes, contain multi-the in vivo role of histone H3 and H4 N termini in silencing
ple copies of the genes encoding the core histones; itsor other processes in fission yeast has been performed
haploid genome contains three divergently transcribedto date. Here, we engineer strains that retain single his-
histone H3 and H4 gene pairs at three distinct chromo-tone H3 and H4 genes. Specific residues within both
somal loci, one histone H2B and two histone H2A genesthe histone H3 and H4 termini were mutated to assess
[33] (Figure 2A). In addition, there are two genes encod-their relative contribution to chromosome stability and
ing the histone variants H2Az (pht1) and CENP-Acentromeric silencing. Our data reveal that mutations
(cnp1) [7, 35]. The three different histone H3 and H4within the histone H3 tail, and not the H4 tail, lead to
genes encode identical proteins; however, histone h3.3defective centromeric silencing and chromosome insta-
differs by one amino acid, with proline replacing glycinebility in fission yeast.
at position 45. It is not known if these three H3 and H4
genes differ in their relative functional contribution. To
determine if altering histone H3 and H4 dose affects cellResults
viability or centromeric heterochromatin formation, and
to allow specific mutagenesis of histone H3 and H4 tails,All Histone H3 and H4 N-Terminal Lysines
Are Underacetylated at Centromeres strains in which the copy number of H3 and H4 genes
was reduced from three to one were generated. EachPrevious analyses with a limited set of antisera indicated
that lysine residues of the histone H3 and H4 N termini histone h3/h4 gene pair was replaced with the ura4
gene by homologous recombination. All strains retainingwithin centromeric outer repeat heterochromatin are
underacetylated [9]. Recently, a set of highly specific two of the three histone h3/h4 pairs (h3.1/h4.1, h3.2/
h4.2, h3.3/h4.3) were viable for growth under severalantibodies that recognize acetylation of individual lysine
residues within the amino termini of histone H3 (K9, K14, conditions of temperature and in the presence of the
microtubule poison thiabendazole (TBZ) [36] (Figure 2B).K18, K23, K27) and H4 (K5, K8, K12, K16) have been
generated [25]. These antisera were used to reassess Strains retaining only one of the three histone h3/h4
gene pairs were generated by crossing strains harboringthe acetylation status of histones within both the outer
repeat and central core chromatin of fission yeast cen- deletions of single h3/h4 gene pairs. All combinations
were found to be viable at 25C. However, cells retainingtromere 1 (cen1) (Figure 1). Chromatin immunoprecipita-
tion was performed by using these antibodies on ex- only the h3.1/h4.1 (.2/.3) set were noticeably TBZ sensi-
tive at 25C (Figure 2B), whereas cells retaining onlytracts from strains in which the ura4 marker resides at
a euchromatic site (RInt-ura4), or at one of two distinct the h3.3/h4.3 (.1/.2) pair grew poorly at the elevated
temperature of 36C (Figure 2B). These data indicatesilenced regions of centromeric chromatin [8, 34]. All
strains carry the transcribed ura4-DS/E minigene allele that although cells with only h3.1/h4.1, h3.2/h4.2, or
h3.3/h4.3 are viable, retention of different histone h3/h4at the endogenous ura4 locus. The relative amount of
ura4 immunoprecipitated from the euchromatic loca- pairs causes distinct differences in sensitivity to temper-
ature and to TBZ. Given that the sequence of all threetion (RInt-ura4) was compared with that of ura4 in-
serted either within the outer repeats (otr1R:ura4) or H3 and H4 genes is almost identical, the most likely
explanation is that this reflects differences in the relativeat the central core of cen1 (cnt1:ura4) (Figure 1). The
fully expressed RInt-ura4 was efficiently immunopre- levels of expression of the different h3/h4 gene pairs.
Histone H3 protein levels in the .1/.3 deletion mutantcipitated with antihistone H4 AcK5, AcK8, AcK12, and
AcK16 and with antihistone H3 AcK9, AcK14, AcK18, are very similar to those of wild-type strains (see below);
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Figure 1. Histone H3 and H4 N Termini Are Underacetylated across Centromere 1
(A) Chromatin immunoprecipitations of cells bearing a ura4-DS/E minigene and the full-length ura4 gene inserted within a euchromatic locus
(Rint-ura4 FY340), the centromeric outer repeats (otr1R:ura4 FY648), and the central domain (cnt1:ura4 FY336) of centromere 1 were
performed by using highly specific antibodies against acetylated lysines (K) of histone H4.
(B) Chromatin immunoprecipitations were performed as in (A), by using antibodies against acetylated lysines of histone H3.
The competitive PCR assay allows the acetylated state of expressed (Rint-ura4) or silent (cnt1:ura4 or otr1R:ura4) ura4 to be assessed.
these similar levels suggest that either h3.2 is the major crease in the rate of minichromosome loss (Table 1).
To determine the frequency of specific chromosomecontributor to H3 protein levels in the cell, or that on
histone depletion, there is upregulation of expression segregation defects, the presence of lagging chromo-
somes was scored on late-anaphase spindles. All ofof the remaining H3 and H4 genes.
We next tested if reduced histone gene dose affects the mutants retaining one or two histone h3/h4 genes
showed very low levels of mitotic cells with lagging chro-centromeric silencing in fission yeast, as has been re-
ported in Drosophila [4, 37]. The histone h3/h4-depleted mosomes compared with the swi6 control (Table 1).
Together, these data indicate that silencing and func-strains contained the ade6 gene inserted within the
cen1 outer repeats (otr1R:ade6), and they bear the tions associated with this outer repeat heterochromatin
remain intact when the numbers of histone H3/H4 genesexpressed, but nonfunctional, ade6-DN/N minigene at
the endogenous ade6 locus [9]. Serial dilutions of cells are reduced by one- or two-thirds. Thus, H3 and H4
histone gene dosage itself does not affect centromericfrom these histone-depleted strains were plated to as-
sess the integrity of centromeric silencing by colony heterochromatin integrity in fission yeast.
color (Figure 2B). As previously described [9], the wild-
type control formed red colonies, indicating repression K9A and K9R Mutations Alleviate Centromeric
Silencing and Cause Chromosome Segregationof the centromeric ade6 gene, whereas cells lacking
the heterochromatin component Swi6 (swi6) formed Defects and Delocalization of Swi6/HP1
The lysine residues within the N-terminal tails of centro-white ade-expressing colonies, indicating loss of si-
lencing of the centromeric ade6. All of the h3/h4- meric histone H3 and H4 are consistently under acetylated
(Figure 1). To test which lysine residues are requireddepleted strains formed red colonies; thus, outer repeat
silencing is unaffected. Quantitative competitive RT- for the maintenance of centromeric heterochromatin in
fission yeast, we mutated individual conserved lysinePCR analysis of ade6 relative to ade6-D/NN was per-
formed to assess the level of transcription from the cen- residues within the N termini of histones H3 and H4. We
first mutated lysine 9 of histone H3, as this residue istromeric ade6 (Figure 2C). As in the wild-type, strains
retaining two (.1, .2, .3) or only one (.1/.2, .1/.3, methylated by the Clr4 methyltransferase, and when
methylated, it serves as a binding site for the chromodo-.2/.3) histone H3/H4 gene pair showed no detectable
increase in transcription of the centromeric ade6 gene main proteins Swi6/HP1 and Chp1 [14–16]. Mutation of
Clr4 or Swi6 leads to disruption of centromeric silencingand were consistently less than 5% of the fully ex-
pressed R.Int-ade6 level. Thus, silencing within the and defective chromosome segregation associated with
loss of centromeric cohesion [17, 18, 36, 40].centromeric outer repeats remains intact in fission yeast
when the number of histone H3/H4 genes is reduced to To directly assess the in vivo requirement for histone
H3 K9 in mediating silencing over the outer repeats, H3one-third of the normal complement.
To further test if depleting the number of histone H3/ lysine 9 was mutated to either alanine or arginine (K9A
or K9R). Whereas replacement of lysine by alanine re-H4 genes affected centromere integrity, the rate of Ch16
minichromosome loss was determined in strains re- flects the charge change associated with acetylation,
arginine maintains the positive charge but is no longertaining one or two H3/H4 gene pairs [38]. Wild-type cells
lose Ch16 at a very low frequency, but in mutants that a substrate for methylation by the Clr4/Suvar39 methyl-
transferase. These mutations were introduced at theaffect centromere stucture (e.g., swi6), this rate is in-
creased [39]. The histone h3.2/h4.2 pair appears to be h3.2/h4.2 gene locus, since cells retaining only this his-
tone h3/h4 gene pair most closely resembled wild-typethe most important, since its deletion led to some in-
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for their ability to grow at different temperatures, for
centromeric silencing integrity, and for sensitivity to
TBZ, effects on chromosome segregation and centro-
meric silencing. Both the h3.2 K9A and K9R mutants
grew well at all temperatures tested; however, K9R dis-
played a slight slow-growth phenotype (Figure 4A and
data not shown). All histone H3 mutants tested showed
elevated rates of chromosome loss compared with
strains bearing a single copy of wild-type histone H3
(Table 2). The h3.2 K9A and K9R mutations clearly allow
expression (white) of otr1R:ade6 and also render these
cells sensitive to TBZ (Figure 4A). Sensitivity to TBZ may
result from defective centromere-spindle microtubule
interaction. Consistent with this, the h3.2 K9A mutation
was found to affect proper chromosome segregation;
44% of late-anaphase cells displayed lagging chromo-
somes on late-anaphase spindles (Figure 4B, Table 2).
Notably, the K9A mutation exhibits a higher level of
defective chromosome segregation than swi6 (Table
2, [40]). In addition, uneven segregation of chromo-
somes was also more frequent in the K9A and K9R
mutants than in the control strains (Table 2). In all histone
H3 mutant strains, the steady-state histone H3 levels
(measured by Western blotting with a C-terminal anti-
body) were unaffected by the mutation (Figure 4C), indi-
cating that the effects that we noted on centromere
function are most likely the result of the mutation within
the histone H3 N tail.
Swi6 association with chromatin is dependent on the
activity of the Clr4 histone methyltransferase. We there-
fore examined the localization of GFP-Swi6 in living cells
Figure 2. Analyses of the Histone-Deleted Mutants with histone h3.2 K9A or K9R mutations; clr4 was in-
(A) A cartoon depicting the three gene loci containing the histone cluded as a control [41] (Figure 5). Microscopic examina-
H3 and H4 genes in S. pombe.
tion reveals that GFP-Swi6 is delocalized in both mu-(B) Comparative growth assay of serially diluted cells from wild-
tants; the normal clustering of Swi6 spots around thetype strain (wt; FY3138), a strain lacking Swi6 (swi6; FY2412), and
nuclear periphery in interphase cells was replaced by athe histone-deleted mutants (FY3327–3332). Cells were plated on
rich medium at 25C (control), on medium containing 10 g/ml thia- GFP signal filling the nucleus. This is similar to the loss
bendazole at 25C (10 TBZ), on rich medium at 36C, and on medium of GFP-Swi6 localization observed in the clr4 mutant
containing a limiting amount of adenine to reveal the expression (Figure 5), which lacks H3 K9 methylation at both centro-
level of the otrIR:ade6 (1/10 ade) at 25C.
meres and the mating type locus [15].(C) RT-PCR analysis of otr1R:ade6 transcription relative to the
euchromatic truncated ade6D/NN gene. Levels of ade6 to ade6-
DN/N transcripts were compared among wild-type cells expressing Centromeric Defects Associated with Mutation
ade6 (Rint-ade6; FY377), wild-type cells with silent centromeric of Lysine 14 of Histone H3
ade6 (otr1R:ade6; FY3138), and the indicated histone-deleted Recent analyses suggest that the fission yeast histone
strains containing the otr1R:ade6 gene (FY3327–3332).
deacetylase (HDAC) Clr3 has a preference for histone
H3 K14, since cells lacking Clr3 exhibit increased levels
of H3 K14 acetylation [42]. Deacetylation of K14 of his-cells with respect to silencing and growth under different
conditions (Figure 2, Table 1). Mutating the remaining tone H3 via the Clr3 histone deacetylase is thought to
be required for the efficient methylation of H3 K9 bywild-type histone h3.2 to encode h3.2 K9A or K9R (Fig-
ure 3) resulted in viable cells. We assayed these strains Clr4 in vivo [15]. To address directly whether K14 is
Table 1. Minichromosome Ch16 Loss Rate and Chromosome Segregation Defects in the Histone-Deleted Strains
Strain Strain
Genotype Number % loss/div N Number Lagging N
Wild-type FY3822 0% 3080 FY1180 0 65
swi6 FY1317 2.3% 3821 FY1200 11 53
h3.1/h4.1 FY3638 0.2% 2991 FY3327 0 63
h3.2/h4.2 FY3639 1% 8543 FY3328 0 78
h3.3/h4.3 FY3640 0.3% 5298 FY3329 0 58
.1/.2 FY3641 0.1% 4581 FY3330 0 56
.1/.3 FY3642 0.9% 6529 FY3331 1 56
.2/.3 FY3643 0.3% 4928 FY3332 1 73
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Figure 3. Strategy for Generation of Strains Bearing Specific Histone H3 Mutations
A cartoon depicting the strategy adopted to generate histone H3 mutations. To generate specific histone H3 mutations, a strain with just the
h3.2 gene deleted that retained both the h3.1/h4.1 and h3.3/h4.3 gene pairs (h3.2::ura4; FY4754) was constructed (left panel). This ura4
gene was then replaced with PCR-amplified DNA containing the desired point-mutated h3.2 (h3.2*) by using homologous recombination (left
panel). Once obtained (middle panel), strains with mutant h3.2 (black arrow) were crossed with a strain in which both the h3.1/h4.1 and h3.3/
h4.3 loci were replaced with his3 and arg3 markers, and in which the wild-type histone h3.2/h4.2 locus was marked with the ura4 gene
inserted approximately 650 bp upstream of the 5 h3.2 ORF and immediately downstream of the h4.2 gene (right panel) (h4.2::ura4 h3.1/
h4.1::his3 h3.3/h4.3arg3; FY4640). Recombinant progeny with mutant histone h3.2 as the sole source of histone H3 were obtained by
selection on FOA (to select against the wt h3.2, which is linked to ura4) arg, his media and were verified by PCR analysis and sequencing.
H4 mutations were obtained in a similar fashion by using h4.2::ura4 as the starting strain (FY4756).
required for the formation of silent chromatin over the chromosome segregation [49], whereas, in S. cerevisiae,
mutation of S10 or both S10 and S28 does not result inouter repeats of fission yeast centromeres, h3.2 K14
was mutated to alanine (K14A) or arginine (K14R) to defective chromosome transmission [50]. To assess the
role of histone H3 S10 in fission yeast, we mutated h3.2mimic the charge of acetylated or unacetylated states,
respectively. Both mutations were found to be viable, S10 into alanine (A), a nonphosphorylatable residue. The
h3.2 S10A fission yeast mutant was viable but showedand both caused alleviation of silencing of the centro-
meric otr1R:ade6 gene. These findings indicate that numerous mitotic defects. Chromosome segregation
was highly defective, with 52% of late-anaphase cellsK14 of histone H3 is required for formation of this hetero-
chromatin (Figure 4A). In addition, mutants bearing the displaying lagging chromosomes (Table 2). In addition,
the h3.2 S10 residue displayed an unexpected role inK14A or K14R mutations displayed the same spectrum
of defects seen on mutation of histone H3 K9, such as centromeric silencing, since repression of centromeric
ade6 was alleviated in the h3.2 S10A background (Fig-sensitivity to TBZ, the presence of lagging chromo-
somes, increased chromosome loss rates, and delocal- ure 4A). GFP-Swi6 was also delocalized in these cells
(Figure 5). Together, these results suggest that alteringization of GFP-Swi6 (Figures 4A and 5, Table 2).
S10 interferes with methylation of K9 and leads to loss
of Swi6 binding and defective chromosome segregation.Serine 10 of Histone H3 Is Required
for Centromeric Function It is possible that the chromosome segregation defects
observed upon mutation of histone H3 S10 in Tetrahy-In addition to modification of the histone H3 N terminus
by methylation and acetylation, the N-terminal serine 10 mena are similarly caused by delocalization of HP1-like
proteins [49, 51].(S10) residue of histone H3 is known to be phosphory-
lated. S10 phosphorylation correlates with transcrip- To assess possible synergistic effects, the double mu-
tants h3.2 K9RK14R and K9RS10A were made and weretional stimulation in yeast, mammals, and Drosophila
(reviewed in [43]). In S. cerevisiae, phosphorylation of found to display similar phenotypes with no apparent
additive affects. This suggests that these mutations areH3 S10 has been shown to promote GCN5-mediated
acetylation of H3 K14 to induce transcription at certain epistatic, or in the case of the K9RK14R mutant, a slight
decrease in minichromosome loss may indicate partialpromoters [44], whereas, in Drosophila, there is little
evidence for alteration in acetylation of H3 K14 during suppression of centromere defects (Table 2).
S10 phosphorylation-mediated transcriptional activa-
tion [45]. Phosphorylation of H3 S10 by Aurora B kinase Mutations of Conserved H4 N Tail Lysines
Do Not Impair Centromeric Silencingis also correlated with entry into mitosis, chromosome
condensation, and segregation in several organisms (re- In S. cerevisiae, deacetylation of the N-terminal tail of
histone H4 is required to allow binding of the Sir3 com-viewed in [43]) [46–48]. In Tetrahymena, mutation of S10
of histone H3 causes defects in both mitotic and meiotic plex and the formation of silent chromatin at HML, HMR,
Histone N-Terminal Mutants and Centromere Function
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Figure 4. Phenotypic Analysis of Strains
Bearing Specific Histone H3 Mutations
(A) A comparative growth assay of serially
diluted cells carrying a wild-type histone h3.2
as the only source of histone H3 (wt h3.2 only;
FY5881), bearing mutated histone h3.2 as the
sole source of histone H3 (FY6068, 6072,
6074, 6079, 6078, 6076, 6071), or lacking Swi6
(swi6; FY1200). Cells were plated on rich
medium at 32C (control), on medium con-
taining 10 g/ml thiabendazole at 32C (10
TBZ), on rich medium at 36C, and on medium
containing a limiting amount of adenine to
reveal the expression level of the otr1R:ade6
(1/10 ade) at 25C.
(B) The K9R-mutated histone h3.2 cells
(FY6072) display elevated rates of lagging
chromosomes visible on late-anaphase spin-
dles (left), compared with FY1180 wild-type
cells (see Table 2 for complete analyses).
Cells were stained with anti-tubulin mono-
clonal antibody as a marker for cell stage as
related to spindle length (green) and DAPI
(red). The scale bar represents 5 M.
(C) Wild-type and strains bearing histone H3
mutations contain comparable amounts of
histone H3. Equal amounts of histone prepa-
rations were separated by 14% SDS-PAGE
and transferred onto nitrocellulose mem-
brane, followed by Western blotting with anti-
bodies against the C terminus of histone H3
(anti C-ter). Ponceau staining revealed equal
loading of histones (data not shown).
Strains in order were: FY1180, 6072, 6068,
6078, 6071, 6074, 6076, 6079, and 5881.
and adjacent to telomeres. Exposure of fission yeast to chromatin integrity (Figure 6). Occasional white colonies
arose in the h4.2-K8A, K16G mutants, but these wereTSA resulted in hyperacetylation of both the histone H3
and H4 in centromeric outer repeat chromatin, and we also occasionally seen in the wild-type and .1/.3 deletion
backgrounds and reverted to red upon restreaking.have confirmed that this chromatin is normally hypoacet-
ylated (Figure 1). To test the role of conserved lysines However, h4.2-K8A and h4.2-K8A, K16G showed mild
cold sensitivity at 18C (Figure 6).within the histone H4 N-terminal tail in centromeric si-
lencing, the histone H4 K8 and K16 residues were sepa- These data suggest that the charge and thus acetyla-
tion status of histone H4 on K8 and K16 does not influ-rately and together mutated to uncharged residues (gly-
cine or alanine) to mimic the charge of the acetylated ence the formation of centromeric heterochromatin in
fission yeast and that the H4 N-terminal acetylation thatstate by using a similar strategy as above for H3 (Figure
3). The h4.2:ura4 deletion was replaced by a mutant is maintained at the centromere after treatment with TSA
[9] may be an indirect consequence of transcriptionalhistone h4.2 DNA fragment, followed by crossing out of
the wild-type h3.1/h4.1 and h3.3/h4.3 genes. activation rather than a direct effect on heterochromatin
itself.The h4.2 K16G mutation was viable in the absence of
any wild-type H4 and did not affect silencing of the Thus, the formation of Swi6-dependent heterochro-
matin at centromeres is mediated mainly by modifica-centromeric otrIR:ade6 gene; red, repressed colonies
formed on indicator plates (Figure 6). Similarly, the h4.2- tions of the histone H3 tail, with important contributions
from methylated K9, and is dependent on the presenceK8A single and h4.2-K8A, K16G double mutants were
also viable and largely did not affect centromeric hetero- of S10 and K14. This is distinctly different from Sir3-
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Table 2. Minichromosome Ch16 Loss Rate and Segregation Defects in h3.2 Mutants
Strain Strain
Genotype Number % loss/div N Number Lagging Uneven N
Wild-type FY3822 0% 3080 FY1180 0% 0% 103
wt h3.2 only (.1/.3) FY3642 0.9% 6529 FY5881 2% 0% 100
swi6 FY1317 5% 2462 FY1200 17% 0% 105
h3.2 S10A FY6093 3.7% 2405 FY6071 52% 6% 104
h3.2 K9A FY6091 3.5% 2728 FY6068 44% 2% 100
h3.2 K9R FY6092 2.7% 2662 FY6072 48% 10% 101
h3.2 K14A FY6097 3.2% 2645 FY6076 28% 2% 100
h3.2 K14R FY6101 3% 2889 FY6079 38% 4% 103
h3.2 K9RS10A FY6105 2.3% 2774 FY6074 44% 3% 100
h3.2 K9RK14R FY6109 1.3% 2977 FY6078 38% 2% 100
dependent heterochromatin in S. cerevisiae, which re- showed relatively normal centromere function; thus, we
chose to mutagenize the h3.2/h4.2 locus and assess thelies on hypoacetylation of the H4 tail and, in particular,
unacetylated H4 K16. phenotype of these mutants in the absence of other
wild-type histone H3 or H4 genes.
Using site-directed mutagenesis of key conservedDiscussion
residues within the histone H3 and H4 tails, we have
addressed in vivo how these different modifications mayTo date, no systematic mutagenesis has been per-
contribute to heterochromatin formation. We show thatformed on the conserved residues within histone H3 and
mutation of K9 or K14 of histone H3 or mutation of S10H4 tails in organisms containing Methyl-K9 H3-depen-
all have similar effects, causing loss of localization ofdent heterochromatin. In fission yeast, such experi-
Swi6, defective chromosome segregation, and defectivements are complicated by the presence of multiple his-
centromeric silencing. These effects seem to be epi-tone H3 and H4 genes. In this study, these multiple gene
static, as no accumulation of defects was observed insets have been disrupted both singly and in combina-
the combination of S10A and K9R mutations or K9R andtion, and we have demonstrated that one histone H3
K14R mutations.and one histone H4 gene is sufficient to allow viability
In vitro binding studies have demonstrated that theand the formation of centromeric heterochromatin.
Swi6 chromodomain can bind to histone H3 N-terminalGrowth differences between strains bearing single his-
peptides methylated on K9 [14]. In addition, cells lackingtone H3/H4 gene pairs suggest that the individual H3/
the Clr4 histone methyltransferase show loss of K9H4 gene pairs may exhibit differences in their level of
methylation on histone H3, and delocalization of Swi6transcription. However, strains bearing only the h3.2/
h4.2 genes were not TBZ- or temperature-sensitive and [14, 15, 36]. Such studies have led to the idea that Swi6
Figure 5. GFP-Swi6 Is Delocalized in the Histone H3 Mutants
GFP-Swi6 was introduced into cells on a plasmid under the nmt81-repressible promoter. To allow GFP-Swi6 expression, cells were grown in
thiamine-free medium and mounted live on microscope slides. Wild-type is h3.2/h4.2 only (FY5881). The scale bar represents 5 M.
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Figure 6. Phenotypic Analysis of Strains
Bearing Specific Histone H4 Mutations
A comparative growth assay of serially di-
luted cells from strains carrying a wild-type
histone h4.2 as the only source of histone H4
(wt h3.2/h4.2 only; FY5881), a strain lacking
Swi6 (swi6; FY1200), and strains bearing the
histone h4.2 mutants as the sole source of
histone H4 (FY4262, 4647, 4648). Cells were
plated on rich medium at 32C (control), on
rich medium at 18C, on medium containing 10 g/ml thiabendazole at 32C (10 TBZ), on rich medium at 36C, and on medium containing a
limiting amount of adenine to reveal the expression level of the otrIR:ade6 (1/10 ade) at 25C.
binding in vivo is dependent on methyl K9-H3. However, meric heterochromatin, although sensitive to modifica-
tion of the H3 N terminus, is apparently refractory torecent analyses have demonstrated that in addition to
its role in chromatin methylation, Clr4 is required for mutation of two key conserved lysine residues within
the histone H4 tail. Mutation of K16 alone in S. cerevisiaeRNAi-mediated processing of transcripts for posttran-
scriptional gene silencing (PTGS) [23]. This, coupled with is sufficient to disrupt Sir-dependent silencing at HML
and HMR and at telomeres [27–30]. Our analysis there-the fact that HP1 can bind native oligonucleosomes
by using its hinge region rather than the chromodomain fore demonstrates that there are quite distinct histone
H3 and H4 N termini requirements for maintenance of[52], raises the possibility that the Clr4-dependent asso-
ciation of Swi6 with chromatin may be a consequence silent heterochromatin between fission yeast and bud-
ding yeast. Given the conservation of Clr4/Suvar39 andof Clr4’s role in PTGS rather than a direct result of Swi6
chromodomain binding to methylated chromatin. How- Swi6/HP1 it seems likely that the amino terminus of
histone H3, rather than H4, will govern the maintenanceever, by directly mutating K9 of H3, we have verified the
importance of histone H3 lysine 9 for the assembly of of centromeric heterochromatin in metazoans.
Swi6 into foci on chromatin.
Supplemental DataAlthough K9-MeH3 is a requirement for direct binding
Supplemental Data including Experimental Procedures and a strainof Swi6 in vitro [14], it is possible that Swi6 binding is
list can be found at http://www.current-biology.com/cgi/content/also dependent on other residues within the histone H3
full/13/20/1748/DC1/.
tail. Swi6 may require the presence of S10 and may
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